brillation (VF) is an important cause of sudden cardiac arrest following myocardial infarction. Following resuscitation from VF, decreased cardiac contractile function is a common problem. During and following myocardial ischemia, decreased glucose oxidation, increased anaerobic glycolysis for cardiac energy production are harmful and energetically expensive. The objective of the present study is to determine the effects of dichloroacetate (DCA), a glucose oxidation stimulator, on cardiac contractile dysfunction following ischemiainduced VF. Male Sprague-Dawley rat hearts were Langendorff perfused in Tyrode's buffer. Once stabilized, hearts were subjected to 15 min of global ischemia and 5 min of aerobic reperfusion in the presence or absence of DCA. At the 6th min of reperfusion, VF was induced electrically, and terminated. Left ventricular (LV) pressure was measured using a balloon. Pretreatment with DCA significantly improved post-VF left ventricular developed pressure (LVDP) and dp/dt max. In DCA-pretreated hearts, post-VF lactate production and pyruvate dehydrogenase (PDH) phosphorylation were significantly reduced, indicative of stimulated glucose oxidation, and inhibited anaerobic glycolysis by activation of PDH. Epicardial NADH fluorescence was increased during global ischemia above preischemic levels, but decreased below preischemia levels following VF, with no differences between nontreated controls and DCA-pretreated hearts, whereas DCA pretreatment increased NADH production in nonischemic hearts. With exogenous fatty acids (FA) added to the perfusion solution, DCA pretreatment also resulted in improvements in post-VF LVDP and dp/dt max, indicating that the presence of exogenous FA did not affect the beneficial actions of DCA. In conclusion, enhancement of PDH activation by DCA mitigates cardiac contractile dysfunction following ischemia-induced VF. 
NEW & NOTEWORTHY

Despite successful resuscitation, cardiac contractile function following ischemia and ventricular fibrillation is markedly impaired, contributing to the high mortality rate after cardiac arrest. Our findings on the beneficial effects of enhancing pyruvate dehydrogenase activation shed light on the novel therapeutic strategy of modulating cardiac metabolism to mitigate this post-ventricular fibrillation contractile dysfunction.
VENTRICULAR FIBRILLATION (VF) is the most common cause of sudden cardiac death (SCD) following myocardial infarction. SCD is an important health problem for patients with cardiovascular diseases. In coronary heart diseases, a significant proportion of total mortality is due to SCD (2, 46) . Despite effective cardiopulmonary resuscitation attempts and successful resuscitation, the survival to discharge has been poor among these patients (2) . Decreased cardiac contractile function following resuscitation from VF is the most common problem contributing to poor outcomes (12, 19) .
In a healthy heart, most of the energy needed for cardiac contractile function is produced from the oxidation of fatty acid (FA) while the oxidation of glucose or lactate primarily provides the rest of the energy (24, 26, 32, 37, 39, 41) . Decreased glucose oxidation, increased anaerobic glycolysis, and a dominant role of FA oxidation for cardiac energy production during and following myocardial ischemia are harmful and energetically expensive (23, 25, 44) . Increased anaerobic glycolysis and decreased mitochondrial pyruvate oxidation are associated with increased lactate, increased proton production, and decreased ATP production, which is responsible for decreased cardiac contractile function (21, 22) . While regional ischemia may lead to VF, VF itself causes a massive global ischemic insult to the heart and therefore would be expected to result in metabolic alterations detailed above and contractile dysfunction.
Mitochondrial modulators that promote glucose oxidation and inhibit FA oxidation have been shown to improve the recovery of cardiac mechanical function following ischemia (13, 21, 22, 27, 44) . Dichloroacetate (DCA) is a mitochondrial metabolic modulator that enhances glucose oxidation and decreases FA oxidation (18, 29) . Although metabolic modulators have been studied in ischemia-reperfusion, the impact of altering cardiac fuel utilization following massive global ischemia and recovery of cardiac contractile function following VF has not been studied in detail. The purpose of this study was to determine the effects of DCA on cardiac contractile function, redox state of the myocardial mitochondria, levels of metabolic intermediates in the ischemic heart following VF, and incidence of arrhythmias. We hypothesized that, in globally ischemic hearts, DCA pretreatment will mitigate cardiac contractile dysfunction following VF and reduce the incidence of cardiac arrhythmias.
MATERIALS AND METHODS
Materials. DCA, palmitate, and glucose assay kits were bought from Sigma-Aldrich. Lactate assay kits were bought from BioVision. Phospho Detect anti-pyruvate dehydrogenase (PDH)-E1␣ (pSer 232 ) rabbit antibody was purchased from Calbiochem, and PDH antibody was bought from Cell Signaling.
Rat heart Langendorff model. The use of animals was approved by the Animal Care Committee of the University Health Network based on National Institutes of Health guidelines. Male Sprague-Dawley rats (450 -550 g) were deeply anesthetized with 4 -5% isoflurane in oxygen. The heart was rapidly excised through a midline thoracotomy and immersed in ϩ4°C modified Tyrode's solution containing (in mM) 118 NaCl, 4.7 KCl, 1.25 CaCl 2, 0.6 MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 6 glucose, gassed with 95% O2 and 5% CO2 (28, 31) . The aorta was cannulated, and the heart was mounted to a Langendorff setup. After equilibration, the perfused hearts were subjected to 15 min of no-flow global ischemia to simulate pathological conditions similar to cardiac arrest. Hearts were then reperfused with or without DCA (1 mM) in the perfusion solution for 5 min. The concentration of DCA was chosen based on a previous study showing stimulation of glucose oxidation by DCA at this dose (30) . At the 6th min of reperfusion, VF was induced electrically and terminated after 1 min. Left ventricular pressure (LVP) and pseudo-ECG were recorded throughout the protocol using a CYQ pressure transducer and our custom-made data acquisition systems. To ensure that the observed reduced left ventricular developed pressure (LVDP) following ischemia-induced VF is at least in part due to VF and not just due to ischemia, we performed additional experiments where we compared the LVDP between ischemia alone and ischemia with a subsequent VF.
VF induction, resuscitation, and determination of arrhythmogenic threshold. Langendorff-perfused rat hearts were rested on a plastic chair with four epicardial leads attached to the chair (11) . Two electrodes were used for recording the pseudosurface ECG and two for electrical stimulation; electrodes were in direct contact with the lateral wall of the left ventricle (LV) as described previously (11) . Short-duration burst pacing at a cycle length of 20 ms (50 pulses/s), a pulse width of 4 ms, and an output level of 12 V was applied up to five times to induce VF. An episode of induced VF with a duration of 60 s was considered to be sustained VF. This technique has been used in our laboratory for a variety of Langendorff-perfused heart models (11, 17) . After 60 s, VF was terminated with a defibrillation shock (2 J) using a defibrillator pad custom-made for small animal hearts. The total number of burst-pacing attempts needed to induce sustained VF and the total number of defibrillation attempts needed to terminate VF were documented. The incidence of VF was expressed as a percentage of sustained VF episodes in each group. The arrhythmogenic threshold was expressed as the total number of burst-pacing attempts and defibrillation attempts needed for induction of sustained VF and successful defibrillation, respectively (5) .
LVDP measurement. LV contractile function was determined by measuring pressure with a balloon inserted in the LV through an incision in the left atrium. LV end systolic pressure (LVESP) and LV end diastolic pressure (LVEDP) were continuously recorded using a CYQ pressure transducer connected to the balloon and our custommade data acquisition system. Data were analyzed using custom programming developed in MATLAB. LVDP was calculated as LVESP Ϫ LVEDP (4).
Myocardial glucose uptake measurement. Samples of coronary effluent leaving the Langendorff-perfused heart were collected at the
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(beats/min) dp/dt end of the experimental protocol in an Eppendorf tube and stored at Ϫ20°C for later analysis. Glucose concentration was measured using a glucose hexokinase assay kit. Myocardial glucose uptake was calculated using the formula: (inflow glucose concentration Ϫ outflow glucose concentration) ϫ coronary flow rate (43) . Myocardial lactate production measurement. Lactate concentration in the coronary effluent was measured using a lactate assay kit. Lactate production was calculated using the formula: (outflow lactate concentration Ϫ inflow lactate concentration) ϫ coronary flow rate (45) .
Myocardial PDH expression and activation assay. At the end of the experimental protocol, LV tissue was excised and snap-frozen in liquid nitrogen. Protein extracts were prepared from frozen LV tissue specimens by homogenizing small tissue chunks in a lysis buffer containing 50 mM Tris, 500 mM NaCl, 10 mM MgCl 2, 1% Triton X-100, 0.5% deoxycholic acid sodium salt, and 0.1% SDS in the presence of Roche protease and phosphatase inhibitors, using a mechanical tissue homogenizer. Protein concentrations were measured by the BCA method using the QuantiPro BCA Assay Kit (Sigma). Extracts containing 16 g of proteins were loaded in a 4 -15% gradient gel and resolved by SDS-PAGE. Separated proteins were transferred onto polyvinylidene difluoride membrane. After being blocked for nonspecific protein binding using skim milk, the membrane was incubated with primary antibodies against PDH, or phospho-PDH at Ser 232 , followed by the incubation with a specific secondary antibody conjugated with horseradish peroxidase, which allowed specific membrane-bound protein to be visualized on X-ray film using an enhanced chemiluminescence kit. Developed films were scanned and digitalized using a GS 800 Calibrated Densitometer (BioRad), and the Quantity One software (Bio-Rad) was used to measure specific protein band density in the scanned images. Band density for specific proteins was normalized to that of GAPDH and total protein band in each sample, and the quantitative data of normalized amounts of the specific protein were expressed as a multiple over corresponding values in nontreated controls. For comparative purposes, the level of each protein of interest in nontreated controls was expressed as 1.00.
Malonyl-CoA, triglyceride, and acetyl-CoA determination. MalonylCoA regulates FA oxidation by inhibiting carnitine palmitoyltransferase I (CPT-I), an enzyme required in the translocation of long-chain FA into the mitochondrial matrix, the subcellular site where FA oxidation takes place. Inhibition of CPT-I by malonyl-CoA decreases mitochondrial FA uptake and thus prevents FA from oxidation. To explore the effects of DCA on FA oxidation, we measured the LV tissue content of malonylCoA, triglyceride (TG), and acetyl-CoA. LV tissue samples frozen in liquid nitrogen were subjected to biochemical analysis to measure malonyl-CoA, TG, and acetyl-CoA contents as previously described (35) . Briefly, malonyl-CoA was extracted from 40 mg of tissue using 6% perchloric acid, and the supernatant was subjected to high-performance liquid chromatographic (HPLC) analysis to determine malonyl-CoA levels. Acetyl-CoA was extracted from 20 mg of tissue using 6% perchloric acid, and the supernatant was subjected to HPLC analysis to determine acetyl-CoA levels. TG was measured in LV tissue that was homogenized in 2:1 chloroform-methanol, followed by centrifugation and collection of supernatant. The supernatant was applied to a silicic acid column, and TG was eluted in chloroform, dried at 60°C, and quantitated colorimetrically using enzymatic assay kits (Wako Pure Chemical Industries).
NADH fluorescence imaging. NADH is an important coenzyme in mitochondrial respiration, redox state, and ATP synthesis. Oxidation of NADH drives the outward transport of protons and builds an electrochemical potential across the inner mitochondrial membrane, which then drives F 1Fo-ATP synthase to produce ATP. Changes in NADH abun-
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(beats/min) dp/dt max Fig. 2 . Effects of dichloroacetate (DCA) on cardiac contractile function following VF. LVDP (A), LV dp/dtmax (B), and HR (C) in nontreated controls and DCA-pretreated hearts; n ϭ 12 in each group. **P Ͻ 0.01. ns, Nonsignificant compared with nontreated control. , Nontreated controls; , DCA pretreated.
dance, which can be quantified by measuring the fluorescence emitted by NADH under ultraviolet (UV) light, provide a window into the myocardial redox state before and after VF, allowing for the study of intervention. Epicardial NADH fluorescence was recorded from Langendorffperfused rat hearts under UV illumination from a 365-nm light-emitting diode spotlight (PLS-0365-030-07-S; Mightex Systems, Toronto, Canada). Emitted fluorescence was band-pass filtered (460 Ϯ 25 nm) and imaged using an EMCCD camera (AndoriXon 860BV; Andor PLC, Belfast, Ireland), as previously described (3, 14) . Because NADH binding to complex I of the electron transport chain (ETC) results in amplification of the NADH signal, the captured fluorescence was assumed to originate from mitochondria (6, 7) . To understand how DCA may alter redox status and metabolic activity, the effects of DCA on NADH fluorescence were also studied in both nonischemic hearts and in hearts subjected to the VF resuscitation protocol.
Effects of DCA on NADH fluorescence in nonischemic hearts. For nonischemic studies, rat hearts were perfused as described above, and pseudo-ECG and LVP were continuously measured. After each heart was allowed to equilibrate for 15 min under normal sinus rhythm, epicardial NADH fluorescence was imaged for 20 min (2 frames/s). DCA was then added to the perfusate (final concentration at 1 mM), and epicardial NADH fluorescence was imaged for an additional 20 min. Changes in NADH fluorescence (⌬NADH) were computed as:
where meanpost-DCA is the average NADH fluorescence counts after DCA addition, and meanpre-DCA is the average NADH fluorescence counts before DCA was added. Average fluorescence was assessed for 1-5 min, based on signal stability and noise. Effects of DCA on NADH fluorescence in hearts subjected to global no-flow ischemia. In the VF resuscitation studies, Langendorff-perfused rat hearts were allowed to equilibrate for 15 min and were then subjected to 15 min of global no-flow ischemia, followed by reperfusion with or without DCA (1 mM) in the perfusion solution. Short-duration burst pacing (50 Hz, 12 V) was used to electrically induce VF at the 6th min of reperfusion. ECG, LVP, and epicardial NADH fluorescence were continuously monitored and recorded. Average values of NADH fluorescence were computed at periodic intervals throughout the experimental protocol. NADH fluorescence was normalized to the range of fluorescence from baseline preischemia to ischemia such that normalized NADH at a given time (t) was computed as nNADH t ϭ mean t Ϫ mean baseline mean ischemia -mean baseline where meant is the average NADH fluorescence counts at a given time, and meanbaseline and meanischemia are the average NADH fluorescence counts during baseline preischemia and ischemia, respectively.
Measurement of cardiac hemodynamics in the presence of exogenous FA. All experimentation described above was performed in the absence of exogenous FA. As our data demonstrated, in the absence of exogenous FA in the perfusion buffer, pretreatment of DCA is associated with improvements in cardiac hemodynamics. To explore the effects of DCA pretreatment on cardiac hemodynamics and incidence of VF in the presence of exogenous FA, we conducted a separate set of experiments using perfusion solution containing 1.2 mM of exogenous palmitate, following the same protocol as described in Rat heart Langendorff model. The fatty acid palmitate was dissolved in perfusion buffer bound with 3% BSA. High FA was chosen based on earlier studies showing high levels of FA in the blood following a myocardial infarction (1, 16, 33) . In this set of experiments, only cardiac hemodynamics and incidences of VF were assessed.
Statistical analysis. Values are presented as means Ϯ SE. The incidences of VF were compared using the Fisher's exact test. Continuous variables (such as LVDP, dp/dt max, and heart rate) were analyzed using analysis of variance where the variable of interest was treated as the outcome variable while treatment groups (control vs. treatment) and time were treated as response variables. If significant, a post hoc Bonferroni adjustment for multiple comparisons was performed. For comparing baseline and post-VF LVDP, HR, and dp/dt, paired t-test was performed. For other measurements with nonparametric parameters, the Mann-Whitney test was performed. A P value of Ͻ0.05 is considered as statistically significant. Data were analyzed using GraphPad Prism 5.
RESULTS
Effects of ischemia and VF on cardiac hemodynamics.
There were no significant differences in baseline body weight, heart rate (HR), LVDP, or LV dp/dt max between the groups. Following ischemia and VF, there were significant reductions in LVDP from 96.99 Ϯ 4.36 mmHg at baseline to 57.02 Ϯ 5.83 mmHg (P Ͻ 0.001; Fig. 1A ), dp/dt max from 3,695 Ϯ 247 mmHg/s at baseline to 1,936 Ϯ 222 mmHg/s (P Ͻ 0.001; Fig.  1B) , and HR from 271.40 Ϯ 6.73 beats/min at baseline to 200 Ϯ 14.31 beats/min (P Ͻ 0.001; Fig. 1C ). To determine the relative contribution of VF on the observed reduction in LDVP, we performed additional experiments where we compared the LVDP following ischemia alone vs. LVDP following ischemia and a subsequent VF; we found that ischemia alone reduced LVDP by 15.26 Ϯ 5.73%, whereas the induction of VF following ischemia resulted in a reduction of LVDP by 41.89 Ϯ 5.42% (P ϭ 0.02 compared with baseline LVDP; Fig. 1D) .
Effects of DCA on cardiac contractile function following VF. Pretreatment with DCA significantly improved post-VF LVDP compared with nontreated controls (P Ͻ 0.0001; Fig. 2A) . LV dp/dt max following VF was significantly improved in DCApretreated hearts compared with nontreated control hearts (P Ͻ 0.0001; Fig. 2B ). Pretreatment with DCA had no effects on HR following VF (P ϭ 0.8; Fig. 2C) .
Effects of DCA on glucose metabolism following VF. Myocardial lactate production rate following VF was significantly reduced in DCA-pretreated hearts (0.97 Ϯ 0.30 vs. 1.92 Ϯ 0.25 M·g Ϫ1 ·min Ϫ1 in nontreated controls, P ϭ 0.04; Fig. 3A ). Following VF, there was no significant difference in glucose uptake in the DCA-pretreated hearts (0.47 Ϯ 0.12 vs. 0.28 Ϯ 0.07 g·mg Ϫ1 ·min Ϫ1 in controls, P ϭ 0.21; Fig. 3B ). These data suggest that DCA pretreatment decreases anaerobic glycolysis and enhances glucose oxidation. To determine the mechanism by which DCA increases glucose oxidation, we assessed the abundance and the phosphorylation state of PDH following VF in LV tissues. We found a significant reduction in PDH phosphorylation at Ser 232 in DCA-pretreated hearts (0.40 Ϯ 0.02 vs. 1.0 Ϯ 0.14 from control hearts in LV tissue samples, P ϭ 0.0023; Fig. 3, C and E) , whereas there was no significant difference in total PDH protein expression between the nontreated controls and DCA-pretreated hearts (1 Ϯ 0.04 vs. 0.90 Ϯ 0.04, P ϭ 0.1; Fig. 3, D and E) . These findings suggest that DCA stimulates glucose oxidation by activating PDH following VF.
Effects of DCA on cardiac mitochondrial redox state. Administering DCA to a nonischemic heart that experienced no VF caused NADH fluorescence to increase 7.5 Ϯ 0.9% (P ϭ 0.002; Fig. 4, A and B) . This increase was preceded by a short bout of premature ventricular contractions, which caused compensatory LVP spikes. LVP and HR returned to baseline levels within two to three beats while the increase in NADH fluorescence was maintained.
Global ischemia resulted in a large increase in epicardial NADH fluorescence by 83.2 Ϯ 12.4% above preischemic levels (P Ͻ 0.01) (data not shown). Upon reperfusion, NADH fluorescence rapidly decreased to sub-baseline levels in both controls and DCA-pretreated groups (Ϫ14 Ϯ 3 and Ϫ23 Ϯ 13%, respectively, P Ͼ 0.05). Following VF resuscitation, NADH remained lower than baseline in both groups (Fig. 4C) . NADH fluorescence did not significantly differ between DCApretreated and nontreated controls at any time point during reperfusion.
Effects of DCA on endogenous FA metabolism following VF. No significant difference in LV malonyl-CoA content was observed between DCA-pretreated hearts and nontreated control hearts (0.85 Ϯ 0.11 vs. 0.98 Ϯ 0.09 nmol/g, respectively, P ϭ 0.4; Fig. 5A ). Myocardial TG is an important source of FA. We therefore measured TG content in the LV tissue samples, but we found no significant difference in myocardial TG content between the DCA-pretreated hearts and nontreated controls (1.40 Ϯ 0.11 vs. 1.38 Ϯ 0.10 mol/g, respectively, P ϭ 0.8; Fig. 5B ), indicating that DCA has no effects on myocardial TG turnover. There was also no significant difference in acetyl-CoA content between the DCA-pretreated hearts and nontreated controls (19.43 Ϯ 3.44 and 19.34 Ϯ 1.86 nmol/g, respectively, P ϭ 0.64; Fig. 5C ). All of these data together suggested that DCA has no effects on myocardial endogenous FA oxidation following VF.
Effects of DCA on the incidence of VF. To explore the effects of DCA on the inducibility of VF, the incidence of VF was documented in isolated perfused hearts. We found no significant difference in incidence of sustained VF in DCA-pretreated hearts (66%) compared with nontreated controls (60%, P ϭ 1.0; Fig. 6A) .
Effects of DCA on the arrhythmogenic threshold. As a surrogate of arrhythmogenic threshold, we documented the total number of burst-pacing attempts required to induce sustained VF in the perfused hearts and found no difference in the number of burst-pacing attempts in DCA-pretreated hearts (2.53 Ϯ 0.43 bursts) compared with nontreated controls (1.83 Ϯ 0.36 bursts, P ϭ 0.2; Fig. 6B ). In terms of successful defibrillation, there was no significant difference in the total number of defibrillation attempts between the nontreated controls and DCA-pretreated hearts (1.08 Ϯ 0.08 and 1.15 Ϯ 0.10, respectively, P ϭ 0.6; Fig. 6C) .
Effects of DCA on cardiac hemodynamics in the presence of exogenous FA. Thus far, our data demonstrated that DCA has no effects on myocardial endogenous FA oxidation, and earlier studies (1, 16, 33) suggest high levels of FA in the blood following a myocardial infarction. In a separate set of experiments, the effects of DCA pretreatment on post-VF cardiac hemodynamics were explored in hearts perfused with solution supplemented with 1.2 mM of sodium palmitate. In the presence of exogenous palmitate, post-VF LVDP was significantly improved in DCA-pretreated hearts compared with nontreated controls (P Ͻ 0.0001; Fig. 7A ). LV dp/dt max following VF was also significantly improved in DCA-pretreated hearts compared with nontreated controls (P Ͻ 0.0001; Fig. 7B ). DCA pretreatment showed no effects on HR following VF (P ϭ 0.4) in the presence of exogenous FA (Fig. 7C ). In the presence of exogenous FA in the perfusion buffer, there was no significant difference in the incidence of VF (81.82 vs. 85.71%) in DCA-pretreated and nontreated hearts (Fig. 7D) . These data suggested that presence of exogenous FA did not affect the beneficial actions of DCA.
DISCUSSION
In this study, we demonstrated that DCA pretreatment improves cardiac contractile function following VF in ischemic hearts and is associated with a concomitant decrease in phosphorylation of PDH. This improvement in contractile function persists irrespective of the absence or presence of FA in our experimental preparation. NADH optical mapping suggests that the beneficial effects of DCA in the post-VF period are due to increased NADH production and increased efficiency of cardiac mitochondria in utilization of NADH.
DCA, cardiac fuel utilization, and contractility following VF. Our data showed decreases in lactate production and in PDH phosphorylation without changes in glucose uptake in hearts pretreated with DCA. These results indicate decreased anaerobic glycolysis and increased glucose oxidation in DCApretreated hearts by enhancement of PDH activation. Our findings are consistent with previous studies that have demonstrated increased glucose uptake during reperfusion, although not necessarily an increase in pyruvate oxidation by the mitochondria. As a result, glucose undergoes anaerobic glycolysis, producing lactate and hydrogen ions, which lower ATP production and are responsible for reduced cardiac contractile function and increased risk for arrhythmias (21, 22, 39, 41) . During ischemia and reperfusion, a large portion of produced ATP is used to clear intracellular lactate and hydrogen ions and to maintain ion channel function, while sacrificing the energy needed for cardiac contractile function (38) . The enhancement of PDH activation by DCA treatment would diminish anaerobic glycolysis and hence diminish the production of lactate and hydrogen ions. The resultant amelioration in ATP turnover would then improve cardiac contractility following VF, as demonstrated in our experiments. An earlier report showed that DCA also inhibits FA oxidation (18) . We explored this inhibition as a potential mechanism of drug action in our experimental model, but we could not find any difference in malonyl-CoA content in myocardial tissue after DCA treatment, suggesting that DCA did not affect endogenous FA oxidation. The concentration of malonyl-CoA depends on its synthesis by acetyl-CoA carboxylase and degradation by malonyl-CoA decarboxylase. A previous study showed that DCA increased malonyl-CoA concentration in normal, perfused hearts in the working Langendorff heart model with no ischemia and VF (35) . Our experimental protocol included 15 min of no-flow global ischemia, followed by 1 min of VF. It has been previously reported that ischemia results in a significant decrease in cardiac malonyl-CoA levels, due to a decrease in acetyl-CoA carboxylase activity with no changes in malonyl-CoA decarboxylase activity (15) . This could explain why we did not observe a DCA-induced increase in malonyl-CoA levels in our experimental model. We were also unable to detect the changes of acetyl-CoA in our experimental model, and the supply of acetyl-CoA is an important regulator of malonyl-CoA production (35) . The inconsistency of the effect of DCA on malonyl-CoA content could be due to differences in the experimental model. There were also no differences in endogenous left ventricular TG levels following DCA pretreatment. Thus, our data suggested that endogenous FA oxidation was not affected by DCA following VF. Although previous studies have reported that DCA stimulates glucose oxidation and inhibits FA oxidation (18, 29) , we could only detect stimulated PDH activation in DCA-pretreated hearts following VF resuscitation, with no effects on endogenous FA oxidation. An earlier report suggests that myocardial TG turnover is inhibited during ischemia (10) . Other studies also demonstrated that, depending on the presence and absence of exogenous FA, accelerated TG oxidation can be the major source of energy for the heart (9, 36) . Because FA activation to long-chain acyl-CoA (a precursor of TG) requires two highenergy phosphates following the incorporation of the fatty acyl group into TG, the subsequent hydrolysis of TG results in the production of FAs, which need to be reesterified to long-chain acyl-CoA before further metabolism. Hence, an accelerated TG turnover is energetically expensive and inefficient in the ischemic heart. We could not detect increases in TG turnover in the absence of exogenous FA, and we therefore conclude that the observed increased cardiac contractile function following VF in DCA-pretreated hearts is due to the stimulation of PDH activation.
DCA and mitochondrial redox state following VF. One of the intriguing and unique findings of this study is that the effect of DCA on mitochondrial NADH depended upon whether or not hearts experienced ischemia. This is highlighted by the data showing an increase in NADH with DCA in hearts that did not fibrillate. This increase was preceded by a short bout of premature ventricular contractions. At normal levels of oxygen and ATP, the addition of DCA resulted in increased mitochondrial NADH production without changes in LV pressure because baseline NADH and ATP levels are sufficient to support cardiac contractile function. An earlier study showed that higher NADH is correlated with increased production of reactive oxygen species (42) . Specifically, DCA increased NADH in normal, nonischemic hearts but did not result in higher NADH fluorescence after global ischemia and VF in DCA-pretreated hearts. This could be explained by the ATP deficit caused by ischemia. In brief, NADH is produced during glycolysis and complete glucose oxidation, as well as during FA oxidation. NADH oxidation at the ETC and subsequent electron flow down the ETC to complex IV drives the outward transport of hydrogen ions and builds an electrochemical potential. The resultant gradient of hydrogen ions drives ATP synthesis. During ischemia, oxygen supply is limited; because O 2 is the ultimate electron acceptor at complex IV, ETC flux slows down. This results in an accumulation of NADH, a depletion of ATP, and a decrease in cardiac contractile function. Hearts subjected to global ischemia in the present study displayed a large increase in NADH fluorescence and reduced pressures during ischemia.
Upon reperfusion, both nontreated controls and DCA-pretreated hearts had lower NADH fluorescence compared with baseline. Upon restoration of flow, oxygen is again present, and mitochondrial respiration rapidly increases ATP production. This results in a rapid decrease in NADH, since NADH is rapidly oxidized to NAD ϩ . Because DCA increases the abundance of the active form of PDH, which produces acetyl-CoA from pyruvate for entry into the tricarboxylic acid cycle, and PDH is an NADH-producing enzyme itself, we expected that DCA would increase NADH fluorescence under any conditions. However in our experiments NADH fluorescence did not differ between controls and DCA-pretreated hearts, we therefore conclude that either 1) DCA did not result in an increase in NADH production or 2) the increase in NADH production caused by DCA was immediately matched by an increase in the rate of its oxidation. Our investigation demonstrated decreased phosphorylation of PDH and decreased lactate accumulation, as well as higher LV pressures in the DCA-pretreated hearts following VF and increased NADH production in nonischemic heart. These data predict a greater NADH production, and an increase in ATP consumption for contractile func-A B C Fig. 6 . Effects of DCA on VF inducibility and defibrillation. A: incidence of VF; n ϭ 20 in each group. B: no. of burst pacing attempts needed to induce sustained VF in nontreated controls (n ϭ 12) and the DCA-pretreated group (n ϭ 13). C: total no. of defibrillation attempts needed to terminate VF in nontreated controls (n ϭ 12) and the DCA-pretreated group (n ϭ 13).
tion, suggesting the increase in NADH production was matched by an increase in NADH utilization in the DCApretreated hearts. This suggests the improved efficiency of the cardiac mitochondrial function in the DCA-pretreated hearts. Previous reports (8, 20, 34) showed that, during reperfusion, the mitochondrial ETC is damaged and activities are decreased, which also support our notion that DCA improves mitochondrial ETC efficiency following resuscitation from VF. DCA and cardiac arrhythmia. Our results showed that there was no difference in the incidence of VF and arrhythmogenic threshold between DCA-pretreated and nontreated controls. In our study, DCA may not have inhibited endogenous FA oxidation as expected. This may explain why we did not detect a DCA-dependent decrease in arrhythmias in our experimental model. Our data demonstrated that, in the absence of exogenous FA, pretreatment with DCA had no effect on endogenous FA oxidation following VF. However, previous reports demonstrated that enhancement of glucose oxidation by using DCA is associated with inhibition of FA oxidation (35, 40) , and circulatory FA levels are elevated following myocardial infarction (1, 16, 33) ; therefore, we wanted to confirm that, with FA present in the perfusion solution, DCA would be an effective therapeutic strategy under such realistic pathophysiological conditions. In the presence of exogenous FA, improvement of cardiac contractile function following VF persisted in DCA-pretreated hearts; however, there were no differences in incidence to VF in the presence of exogenous FA between DCA-pretreated hearts and nontreated controls, demonstrating that DCA can exert its beneficial effects in the presence of exogenous FA following VF.
In conclusion, enhancement of pyruvate dehydrogenase activation by DCA mitigates cardiac contractile dysfunction following ischemia-induced VF. We have identified that enhancement of PDH activation is a potential new target for developing therapeutic strategies. To the best of our knowledge, this study is the first to propose a novel strategy of enhancing cardiac PDH activation for the management of cardiac contractile function following ischemia-induced VF. 
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(beats/min) dp/dt max Fig. 7 . Effects of DCA on cardiac hemodynamics in the presence of exogenous FA. LVDP (A), LV dp/dtmax (B), and HR (C) in nontreated controls and in DCA-pretreated hearts; n ϭ 6 in each group. , Nontreated controls; , DCA-pretreated hearts. 
